Human potassium channel tetramerization domain containing 12 (KCTD12, also known as Pfetin) is a member of the KCTD family which consists of 26 members. It has been reported that KCTD12 regulates agonist potency and kinetics of GABA B receptor signaling. Proteomic analysis indicates that KCTD12 may be a potential biomarker for the diagnosis and prognosis of gastrointestinal stromal tumors. However, little has been reported concerning the role of KCTD12 in the other tumor types. In the present study, we designed and subcloned N-terminally Flag-tagged human KCTD12 into the pLVX-Puro vector. We then generated a human uveal melanoma cell line (OCM-1) stably expressing KCTD12. Using this stable cell line, we performed a series of experiments including colony formation, invasion, migration and woundhealing assays, flow cytometry and western blotting. Based on the experimental results, we first demonstrated that KCTD12 effectively suppressed the proliferation of OCM-1 cells and limited the spread of OCM-1 cells. In the flow cytometric analysis, prolongation of the progression of G2/M to G1 phase in the KCTD12-overexpressing OCM-1 cells was observed. In addition, inhibition of KCTD12-overexpressing OCM-1 cell xenograft growth in nude mice was observed. Taken together, KCTD12 may serve as a novel therapeutic target for patients with uveal melanoma.
Introduction
A class of BTB (bric-à-brack, tram-track, broad complex) domain-containing proteins, the KCTD family (potassium channel tetramerization domain protein family which includes 26 members) shares relatively conserved N-terminal domains and variable C-termini (1) . However, the KCTD family involved in biological processes including biochemical and structural properties are rather poorly characterized. Potassium channel tetramerization domain containing 12 (KCTD12, also known as Pfetin) belongs to the KCTD family, and was initially identified in human fetal cochlea. KCTD12 is expressed in a variety of fetal organs, particularly with highest expression levels in the cochlea and brain, whereas, it is detected at extremely low levels in adult organs (2) . Recent studies have demonstrated that KCTD12 not only stabilizes γ-aminobutyric acid type B (GABA B ) receptors, which regulate emotionality and neuronal excitability, but also upregulates GABA B receptor signaling by stably interacting with GABA B receptors (3) (4) (5) . Using two-dimensional differential gel electrophoresis and mass spectrometry approaches, Suehara et al (6) predicted that KCTD12 may be a prognostic biomarker of gastrointestinal stromal tumors (GISTs). This speculation was confirmed by later investigation. Commercially obtained KCTD12-specific antibody was used for assessing the expression level of KCTD12 in surgical specimens of primary tissues from GIST patients (7) . Analyzed data indicate that KCTD12 expression appears more specific for GISTs from neoplastic and non-neoplastic adult tissues other than brain, suggesting the potential predictor of KCTD12 in GISTs (8) . Most recently, downregulation of KCTD12 was observed in cancer stem cells (CSCs) in colorectal cancer (CRC). Overexpression of ectopic KCTD12 markedly suppressed CRC cell stemness by inhibiting the extracellular signal-regulated kinase (ERK) pathway, suggesting that KCTD12 may serve as a novel therapeutic target for patients with CRC (9) .
So-called uveal melanoma usually refers to melanomas of the choroid, ciliary body and iris of the eye (10) . In fact, choroidal and ocular melanomas are the alternative terms of this type of cancer. Uveal melanoma is the most common primary intraocular malignancy in adults. In the US, the incident rate of these cancers is ~5%, 85% of which are uveal in origin (11) . Patients with uveal melanoma experience painless loss or distortion of vision in the early stage, which even leads to retinal detachment at advanced stage (12) . In addition, uveal melanoma is highly metastatic; patients with uveal melanoma are at risk for metastatic disease to the liver, lung and skin (13, 14) . Therefore, uveal melanoma is associated with high mortality in up to half of uveal-affected patients (15, 16) . Although the tumorigenesis and the metastasis of uveal melanoma are complex processes (17) , genetic mutations such as germline breast cancer 1 (BRCA1)-associated protein 1 (BAP1) (18) and splicing factor 3B subunit 1 (SF3B1) (19) , and signaling pathways such as MAPK (20) have been found to be involved in uveal melanoma. However, to date, there have been no studies on the effects of KCTD12 on uveal melanomas. In the present study, we generated an OCM-1 cell line stably expressing Flag-KCTD12 and evaluated the functional properties of KCTD12 in OCM-1 cells.
Materials and methods
Antibodies. Anti-KCTD12 rabbit polyclonal antibody was purchased from ProteinTech™ Group (Wuhan, China). Anti-E-cadherin, anti-β-catenin and anti-β-tubulin polyclonal antibodies were purchased from Ruiying Biological (Suzhou, China). Anti-vimentin, anti-Snail and anti-Slug antibodies were obtained from Wanleibio (Shenyang, China).
Cell culture and maintenance. Human uveal melanoma cell line (OCM-1) purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) was cultured and maintained in RPMI-1640 medium (Sigma, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS) (Kangyuan Biology, Tianjin, China) and 1% penicillin-streptomycin mixture (Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in the presence of 5% CO 2 .
Lentiviral vector construction, lentivirus infection and scree-
ning. The full length human KCTD12 gene (NM_138444.3) fragment with restriction enzyme cutting site was cloned from 293T cDNA. After the DNA sequence of KCTD12 in the pGEM-T vector was confirmed, the gene fragment was ligated into the pLVX-Puro transfer plasmid (Lenti-X™; Clontech Laboratories, Mountain View, CA, USA). The transfer and packaging plasmids (pRRE, pRSV-Rev and pCMV-VSVG) were mixed at the quality ratio of 800:400:140:200. 293T cells cultured in 6-cm plates were then transfected with 5 µg of DNA plasmids using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). The medium was replaced after 24 h, and then the cell supernatants were collected by centrifugation at 10,000 x g for 10 min at room temperature and stored at -80˚C. OCM-1 cells were infected with a double volume of recombinant viruses and the cells were selected with 1 µg/ml puromycin for 2 weeks according to the manufacturer's protocol. The antibiotic-resistant colonies were then expanded for further analysis. Stably expressing Flag-KCTD12 cell line was confirmed by western blotting and immunofluorescence staining.
Immunofluorescence staining. Stably expressing Flag-KCTD12 cells in 24-well plates containing a coverslip (8D1007, Nest) on each well were grown to 80% confluence. Then, the cells were washed with phosphate-buffered saline (PBS) buffer, fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature, and permeabilized in 0.5% Triton X-100 in PBS buffer for 5 min. Cells were then incubated with the KCTD12 primary antibody (1:500) at room temperature, and stained with the FITC-conjugated secondary antibody (rabbit/green 1:300; sc-2012). Cell nuclei were stained using DAPI containing Vectashield (Vector Laboratories, Inc., Burlingame, CA, USA). Fluorescence images were observed with an Olympus BX40F microscope (Olympus Corporation, Tokyo, Japan).
MTS assays. Cells (~3x10 3 ) were plated into 96-well plates. After 48 h, the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (CellTiter 96; Promega, Madison, WI, USA) solution was added into the wells and incubated at 37˚C for 1 h. The absorbance was measured at a wavelength of 490 nm with a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).
Colony formation assays. Cells (~10 3 ) were seeded into 24-well plates. After 10 days of culture, formed colonies were stained with 0.1% crystal violet. Colonies containing >20 cells were scored as positive. Colonies were photographed by Gel Imaging System (Liuyi Instrument Plant, Beijing, China).
Soft agar assays. Briefly, 5x10 3 cells were resuspended in medium containing 10% FBS with 0.3% agarose, and layered on top of 0.6% agar in medium supplemented with 20% FBS on 35-mm plates. After 14 days of culture, the cells were stained with 0.05% crystal violet for 1 h. Colonies were photographed and the number of foci >100 µm was counted.
Wound healing assay. Cells were cultured in 6-well plates and wounds were introduced by scraping the confluent cell cultures with the tip of a 10-µl pipette. Floating cells were removed and medium without serum was added. The wound healing process was monitored under a microscope.
Migration and invasion assays. For the migration and invasion assays, 24-well Transwell chambers (Corning Inc., Corning, NY, USA) were used. Filters (8-µm pore size) were used for estimating cell migration, and filters coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) were used for estimating cell invasion. Cells in 0.1 ml of serum-free RPMI-1640 medium were placed into the upper chamber (0.5x10 5 cells/filter). Complete medium was placed in the lower chamber as a chemoattractant. Migration and invasion were scored at 24 h after cells were seeded. Cells were fixed in methanol for 5 min at room temperature, stained with crystal violet for 5 min, and counted under microscopy. The mean numbers of cells/microscopic field over 5 fields/filter were calculated.
In vivo tumorigenicity experiments. Male BALB/c nude mice (6-week old, 15-17 g) were randomly divided into 2 groups (n=3/group) for the OCM-1 cell xenograft growth experiment. For tumor cell implantation, the OCM-1 cells stably expressing Flag-KCTD12 or a vector control (1x10 6 ) suspended in 100 µl PBS were injected into the armpits of the mice. The weight of mouse and the volume (V) of tumors were examined (V = tumor length x width 2 x 0.5236). All experiments were performed in accordance with the Institutional Animal Care and Use Committee of Jilin University.
Cell cycle analysis. OCM-1 cells stably expressing
Flag-KCTD12 or a vector control were grown to 80-90% confluency. In the cell cycle arrest experiment, as previously described, cells were synchronized by treatment with 1 mM hydroxyurea (HU) for 24 h, and were then harvested by trypsinization 0, 2, 4, 6, 8, 10 and 18 h after removal of HU (21) . Data collection was performed using EPICS XL™ flow cytometer (Beckman Coulter, Brea, CA, USA). Acquired data were analyzed using FlowJo software. The experiment was repeated 3 times under the same conditions. Analysis of apoptosis. Apoptosis in OCM-1 cells was determined by an Annexin V-fluorescein isothiocyanate (FITC) staining kit according to the manufacturer's protocol (KeyGen Biotec, Nanjing, China). Propidium iodide (PI) was used to differentiate apoptotic cells with membrane integrity (Annexin V + /PI -) from necrotic cells that had lost their membrane integrity (Annexin V + /PI + ). The percentage of apoptotic cells was calculated using an Accuri Cytometer and the data were analyzed by CFlow software.
Statistical analysis. All the data were analyzed via the Student's t-test (Microsoft Excel). The statistical difference of p<0.05 was considered to indicate a statistically significant result.
Results
Stably expressing Flag-KCTD12 is established in OCM-1 cells. To determine the expression levels of KCTD12 in cancer cells, we first analyzed the endogenous KCTD12 protein levels in different cancer cell lines. As shown in Fig. 1A , except for lung carcinoma type II epithelium-like A549 cells, KCTD12 protein levels in other cancer cell lines including prostate cancer PC3 and DU145 cells, OCM-1, gastric cancer MGC-803 cells, human breast adenocarcinoma MCF-7 cells, and pancreatic cancer cell PANC1 cells were extremely low. In order to further investigate the roles of KCTD12 in cancer cells, OCM-1 cells were chosen as a test subject. Amplified PCR products of KCTD12 (Fig. 1B) were subcloned into the pLVX-Puro vector following the procedure (Fig. 1C and D) to establish the stably expressing Flag-KCTD12 OCM-1 cell line. The established stable cell line was successfully confirmed by western blotting (Fig. 1E ) and immunofluorescence staining (Fig. 1F ).
Overexpression of KCTD12 suppresses the proliferation of OCM-1 cells. Using the established stable cell line, we first performed the MTS assays. As shown in Fig. 2C , attenuated viability was observed in the KCTD12-overexpressing cells (p<0.05). Furthermore, to explore the functions of KCTD12 in the proliferation and tumorigenesis of OCM-1 cells, colony formation and soft-agar assays were performed in vitro. In both assays, significantly decreased colony formation ( Fig. 2A, upper images) and much smaller colony size (Fig. 2B) were observed in the KCTD12-overexpressing OCM-1 cells. Significant difference in colony numbers between the KCTD12-overexpressing and vector controls OCM-1 cells was found (p<0.01 in both assays) ( Fig. 2A , lower, and D).
Overexpression of KCTD12 inhibits OCM-1 cell motility.
To further observe the effects of KCTD12 on OCM-1 cell motility, we performed wound-healing assays. The images after 12 h of the initial scratch wound are shown in Fig. 3A . The progression of wound closure in the KCTD12 stably expressing OCM-1 cells was much slower than that in the control cells. Compared to the control cells, the percentage of wound closure was significantly decreased (p<0.01) ( Fig. 3B) . Then, Transwell migration (Fig. 3C, upper) and invasion assays (Fig. 3C, lower) were carried out to examine the roles of KCTD12 in metastasis. Quantified number of cells which penetrated the membrane was largely decreased compared with the control cells (p<0.01) (Fig. 3D) . Similarly, overexpression of KCTD12 markedly reduced the invasive ability of the OCM-1 cells (p<0.01) (Fig. 3E) . Western blot analysis revealed that the expression levels of various epithelial-mesenchymal transition (EMT)-related molecules were altered. As shown in Fig. 3F , elevated E-cadherin and β-catenin protein levels and decreased mesenchymal (MSC) markers vimentin, Snail and Slug were noted in the KCTD12-overexpressing OCM-1 cells.
Overexpression of KCTD12 prolongs the progression of the G2/M phase and induces apoptosis in the OCM-1 cells.
Given that overexpression of KCTD12 significantly inhibits OCM-1 cell proliferation, we speculated that KCTD12 is involved in cell cycle progression. Thus, FACS analysis was performed on KCTD12-overexpressing or control OCM-1 cells. Compared to the control cells, stably expressing KCTD12 cells had delayed G2/M phase progression (Fig. 4A) . The percentages of the subpopulation of cells in cell cycle phases G1, S and G2/M are shown in Fig. 4B . The percentage of KCTD12-expressing cells in cell cycle phase G2/M was statistically increased compared to the percentage in the pLVX-Vector cells (p<0.05). To further confirm this observation, both cells were treated with 1 mM HU to block cells at the G1/S phase, so that, no new G2/M cells could be generated. Cell flow cytometry and FACS analysis in both cell lines were performed at 0, 2, 4, 6, 8, 10 and 18 h after removal of HU (Fig. 4C ). The gradual increase in the G2/M phase population was observed in the KCTD12-overexpressing cells (Fig. 4D) . To further confirm whether overexpression of KCTD12 can affect cell apoptosis, flow cytometry of Annexin V binding/PI uptake was assessed in the KCTD12-overexpressing cell line and vector only control (Fig. 5A ). Apoptosis is depicted in Fig. 5B . Overexpression of KCTD12 in OCM-1 cells significantly increased apoptosis compared to that in the vector only control (p<0.01) (Fig. 5B, right) . However, there was no significant statistical difference in necrotic cells between the vector and KCTD12-overexpressing group (p>0.05) (Fig. 5B, left) .
Overexpression of KCTD12 restricts OCM-1 cell xenograft growth. The above-described series of in vitro experiments confirmed the effective inhibition of the cell growth of KCTD12 in OCM-1 cells. To further verify the functions of KCTD12 on the proliferation and tumorigenesis of OCM-1 cells, a xenograft model consisting of BALB/c nude mice was designed. Stably expressing KCTD12 OCM-1 cells were injected into the armpits of 6-week mice, and the cells were allowed to grow 28 days. During this time, the body weight of the mice between the vector and KCTD12-overexpressing groups had no obvious difference (Fig. 6A ). However, overexpression of KCTD12 significantly blocked OCM-1 cell xenograft growth (Fig. 6B ). As shown in Fig. 6C , the OCM-1 cell xenograft growth was slower in the KCTD12overexpressing group than that noted in the vector control group (lower). In addition, differences in tumor size between the two groups are visualized in Fig. 6C (upper images). Cell and nuclear morphology of the tumor tissues was visualized by hematoxylin and eosin (H&E) staining. Microscopic images of H&E staining are shown in Fig. 6D . Morphological integrity of the cells and a plurality of cells in the mitotic phase can be seen in the vector control group (left panel). In contrast, irregularly shaped cells and nuclear condensation were found in the stably expressing KCTD12 OCM-1 cell group (right panel). In addition, decreased vascular endothelial growth factor VEGF-A and VEGF-C were detected by western blot analysis using prepared whole cell lysate from the tumor tissues ( Fig. 6E ), suggesting the involvement of KCTD12 in regulating VEGF.
Discussion
In the present study, we first clarified that lentiviral-mediated overexpression of KCTD12 inhibits tumor proliferation in human uveal melanoma OCM-1 cells using both in vitro and in vivo approaches. A series of in vitro assays including MTS, colony formation, migration and invasion assays presented evidence that stably expressing Flag-tagged KCTD12 significantly suppressed the proliferation and tumorigenesis of OCM-1 cells. In addition, overexpression of KCTD12 inhibited tumor growth in a xenograft model.
The KCTD proteins with sequence similarity between its N-terminal region and the tetramerization domain in some voltage-gated potassium channels are involved in various cellular biological processes (22) . For example, KCDT proteins as adaptor molecules interact with the Cul3 ubiquitin ligase and its substrate (23, 24) . In addition, increasing evidence suggests that the KCTD family is implicated in proliferation, differentiation, apoptosis and metabolism of certain cancer cells (25, 26) . Based on alignment of the amino acids in the potassium tetramerization domains, KCTD proteins can be divided into 7 groups of A to G (22) . KCTD12 with KCTD8 and KCTD16 together make up the D-group that directly binds to the GABA B receptor and an associated G protein (3, 4) . KCTD12 as a potential prognostic biomarker of GISTs was screened by 2-D gel combined mass spectrometry approaches. Later studies confirmed that KCTD12 produced desensitization of the channel to GABA B receptor signaling by inhibiting the interaction of Gβγ and Kir3 channels, thereby suppressing proliferation in GISTs (8) . Although the precise mechanism is unclear, our experimental results verified that overexpression of KCTD12 markedly suppressed the proliferation of OCM-1 cells. Stable expression of KCTD12 in OCM-1 cells decreased the cell viability in MTS assays, and reduced colony numbers in colony formation and soft agar assays, suggesting the role of KCTD12 in the proliferation of OCM-1 cells (Fig. 2) . Furthermore, overexpression of KCTD12 in OCM-1 cells not only prolonged the G2/M phase population (Fig. 4) , but also increased apoptosis ( Fig. 5 ), suggesting that the ability of KCTD12 to inhibit OCM-1 cell proliferation may be partly due to the delay in the cell cycle which causes apoptosis.
A recent study demonstrated that KCTD12 is involved in the regulation of colorectal cancer cell (CRC) stemness. Silencing of KCTD12 markedly enhanced CRC cell stemness, while overexpression of KCTD12 repressed CRC cell stemness and its markers such as CD44, CD133 and CD29 (9) . In the present study, overexpression of KCTD12 markedly suppressed OCM-1 cell xenograft growth in nude mice (Fig. 6 ). Based on H&E staining of grown tumor tissues, increased numbers of irregularly shaped and cells with nuclear condensation were found in the KCTD12-overexpressing OCM-1 cell group. In addition, decreased VEGF-A and VEGF-C were detected by western blot analysis. Taken together, KCTD12 is implicated in the tumorigenesis of OCM-1 cells.
It has been found that uveal melanoma is highly metastatic. Thus, patients with uveal melanoma are at risk of developing metastatic disease to other organs. Epithelial-mesenchymal transition (EMT) is a critical process driving the early phase of cancer metastasis. The process of EMT can be regulated by many transcription factors. For example, loss of E-cadherin and β-catenin can trigger the EMT process (27) . In contrast, activation of Snail and Slug often occur in EMT (28) . In the present study, overexpression of KCTD12 significantly restricted the migration and invasion of OCM-1 cells in in vitro assays. In addition, an increase in E-cadherin and β-catenin, and a reduction in Snail and Slug were confirmed by western blot analysis ( Fig. 3 ), suggesting the roles of KCTD12 in inhibiting the metastasis of uveal melanoma by regulating the above genes.
In conclusion, although further research is needed to clarify the precise mechanisms of uveal melanoma, our data demonstrated that lentiviral-mediated overexpression of KCTD12 suppressed the proliferation and metastasis of uveal melanoma OCM-1 cells in vitro and in vivo, suggesting that KCTD12 plays an important role in the tumorigenesis of uveal melanoma, and may serve as a novel therapeutic target for patients with uveal melanoma.
